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Abstract For a full estimation of the risk related with the
presence of engineered nanoparticles (ENPs) in the environ-
ment, the use of the current ecotoxicological methodsmay prove
insufficient. In the study presented herein, various methods of
assessment of ecotoxicity were applied to compare the phyto-
toxicity of three ENPs: nano-ZnO, nano-TiO2 and nano-Ni. The
toxicity was assayed both for aqueous solutions of the ENPs (the
germination/elongation test and Phytotestkit FTM) and for ENPs
added to soil (Phytotoxkit FTM and modified Phytotoxkit FTM).
Lepidium sativum was used as a test plant. The scope of the
study also included the assessment of the effect of the method
of ENP application to the soil (as powder and aqueous suspen-
sion) on their phytotoxicity. In the course of the study, no effect
of the studied ENPs and their bulk counterparts on the germi-
nation of seeds was observed. The root growth inhibition of
L. sativum depended on the kind of test applied. The trend
between concentration of ENPs and effect depended on the
method used and kind of ENPs. For most nanoparticles (despite
of the method used), the differences in phytotoxicity between
nano and bulk particles were observed. Depending on the kind
of ENPs, their phytotoxicity differs between water and soil.
ZnO (nano and bulk) and nano-Ni were more toxic in soil than
in water. For TiO2 and bulk-Ni, reverse trend was observed. A
different method of ENP application to soil differently affects
the phytotoxicity.
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Introduction
The increasing production of engineered nanoparticles
(ENPs) entails the risk of their release to the environment
(Gottschalk and Nowack 2011), creating a threat to living
organisms (Bhatt and Tripathi 2011). Inorganic ENPs, even
though they have the same chemical composition as their bulk
counterparts, differ from them considerably in their proper-
ties—specific surface area, reactivity and tendency towards
aggregation (Nowack et al. 2012). This denotes that ENPs
should be treated as a “new” group of contaminants, which
involves also the necessity of developing new methods for the
estimation of their ecotoxicological properties. Nano-ZnO and
nano-TiO2 belong to the group of ENPs, which due to their
potentially extensive use, may constitute a threat to the envi-
ronment (Piccinno et al. 2012). Those ENPs are components
of paints, suntan lotions, dyestuffs or photovoltaic cells. The
EU requires that by the year 2018, all chemical compounds
whose production exceeds 1 metric ton per year should have
ecotoxicological characterisation (European Parliament and
European Council 2006). The scale of production of nano-
ZnO and nano-TiO2 in Europe is estimated at 55 and 550 met-
ric ton per year, respectively, which confirms the necessity of
their deep ecotoxicological evaluation (Piccinno et al. 2012).
Apart from the popular nano-ZnO and nano-TiO2, attention is
due also to other ENPs, e.g. nano-Ni. Nano-Ni is more and
more frequently used in industrial production (catalyzer, bat-
tery electrode, electrochromic films, sensors magnetic mate-
rials and diesel–fuel additive) and, like the ENPs mentioned
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earlier, can constitute a threat to the environment (Rao and
Sunandana 2008). As opposed to nano-ZnO and TiO2, eco-
toxicological studies concerning nano-Ni are relatively scarce.
Plants constitute a significant link in ecotoxicological
studies, due to their ecological and economic importance.
Therefore, assessment of the potential phytotoxicity of
ENPs is particularly crucial. In the literature, one can
find numerous studies concerning the phytotoxicity of
ENPs (El-Temsah and Joner 2012; Jośko and Oleszczuk
2013a, b; Lee et al. 2010a; Lin and Xing 2007). Two
research directions are mainly observed: estimation of the
phytotoxicity of aqueous solutions of ENPs (Lin and
Xing 2007, 2008) and, in recent years, also of the toxicity
of ENPs in soils (Dimpka et al. 2012; Du et al. 2011;
Jośko and Oleszczuk 2013a), less frequently in other
matrices (Jośko and Oleszczuk 2013b). Although studies
of the toxicity of ENPs in soil appear to be more justified
than hydroponic cultures, they are also more complicated.
The toxicity of ENPs in soils can be additionally affected
by the soil properties and by the various components that
appear in soils (Jośko and Oleszczuk 2013a; Lv et al.
2012). Unfortunately, divergent results are frequently ob-
tained in studies concerned with the evaluation of toxicity
of ENPs in aqueous solutions and in soils (El-Temsah and
Joner 2012). The disparities observed in phytotoxicity
thresholds among the individual studies may be related
to differences in particle size, preparation methods or test
designs (Lee et al. 2010b). Up till now, no study has been
performed that would present comparative results for
various tests of phytotoxicity.
Apart from the comparison of different methods, an-
other significant aspect of the methodological approach to
the estimation of toxicity of ENPs is the technique of their
application to the soil. This problem was addressed by
Hund-Rinke et al. (2012), as well as by Waalewijn-Kool
et al. (2012). However, the issue still requires additional
detail studies. The technique of application of ENPs
(especially in the form of powder or aqueous solutions)
can affect the distribution of ENPs in the soil, which
may then be reflected in the level of the toxic effects.
Depending on the source of pollution, ENPs may under-
go translocation to the environment in a solid form (e.g. at
the sites of their production) or as an aqueous solution
(e.g. ENPs washed down with rainfall).
The objective of the study was to compare various
widespread used methods of estimation of the phytotox-
icity of three ENPs—nano-ZnO, nano-TiO2 and nano-Ni.
The study included also factors that may have an effect
on the toxicity of ENPs, such as their concentration. The
results of phytotoxicity of the ENPs were compared with
the toxicity of their bulk counterparts. In addition, it was
studied how various techniques of application of ENPs to
soil affect their phytotoxicity.
Materials and methods
Materials
Nanoparticles ZnO (nano-ZnO), TiO2 (nano-TiO2), Ni
(nano-Ni) and their bulk counterparts (bulk-ZnO, bulk-
TiO2 and bulk-Ni) were purchased from Sigma–Aldrich
(St. Louis, USA). The primary particle size of nanoparticles
and Zeta potential was as follows: nano-ZnO <100 nm and
1.53 mV; nano-TiO2 < 21 nm and −7.30 mV; nano-Ni
<100 nm and 15.53 mV. Surface area of nano-ZnO, nano-
TiO2 and nano-Ni was 15–25, 35–65 and 8–12 m
2/g, respec-
tively (data from Sigma–Aldrich). The size of nanoparticles
was determined by transmission electron microscope (JEM-
3010 TEM JEOL, Ltd., Tokyo, Japan). The TEM pictures of
nanoparticles used in the experiment are presented elsewhere
(Jośko and Oleszczuk 2013a, b).
Sample preparation for phytotoxicity testing
Aqueous solutions of the ENPs (methods M1 and M2) were
prepared with re-distilled water, at the following concentra-
tions: 10, 100 and 1,000 mg/L. Immediately prior to their
application onto the test plates (Petri dishes and plates for
Phytotestkit FTM—please see description later), the solutions
containing the ENPs were subjected to 30-min sonication in
an ultrasonic bath (25 °C, 250 W, 50 Hz). In parallel, an
estimation of the toxicity of ENP bulk counterparts was per-
formed for the concentration of 100 mg/L. The control sample
constituted the re-distilled water without any content of the
ENPs and their bulk counterparts.
In the experiment concerning the toxicity of the solid
fraction (methods M3 and M4), the standard Organisation
for Economic Co-operation and Development (OECD) soil
was used (MicroBioTests Inc., Mariakerke, Belgium). The
OECD artificial soil is a widely used substrate in soil toxicity
tests. It has been recommended as a medium for ecotoxico-
logical tests, and it is a “reference soil” in the testing of
complex solid samples (e.g. wastes or contaminated soils).
OECD artificial soil is defined as a mixture of 70% fine quartz
sand (50 % particles, 0.05–0.2 mm), 20 % kaolin clay (kao-
linite content preferably above 30 %) and finely ground
Sphagnum peat.
The ENPs were added to the soil as powder, in doses of 10,
100 and 1,000 mg/kg. The soil with ENPs was thoroughly
mixed with a glass spatula and rolled end over end (Rotax 6.8,
VELP—OMC, ENVAG) for 24 h (in the dark at room tem-
perature) at 10 rpm. The mixtures of OECD soil and ENPs
were used immediately after mixing. The phytotoxicity of the
ENPs was compared with the phytotoxicity of their bulk
counterparts for the concentration of 100 mg/kg. The control
sample was the soil without any content of ENPs and their
bulk counterparts.
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Methods M2 and M3 were chosen for the comparison of
phytotoxicity of the ENPs in aqueous solutions and in the soil.
In both methods, the same kind of test plates was used, filled
with either spongy insert (M2) or soil (M3). For comparison of
the two methods, the ENPs or their bulk counterparts were
added to the plates in the same amount, i.e. 10.8 mg. In
method M2, 10.8 mg of ENPs or bulk counterparts was added
to 20 mL of re-distilled water (in conformance with the
requirements of Phytotestkit FTM—please see description be-
low). Next, the solution was subjected to 30-min sonication in
an ultrasonic bath (25 °C, 250 W, 50 Hz) and evenly distrib-
uted on the spongy insert constituting a component of the test.
In method M3, the ENPs or bulk counterparts (10.8 mg) were
added to the soil (108.8 g) and rolled end over end (Rotax 6.8,
VELP—OMC, ENVAG) for 24 h (in the dark at room tem-
perature) at 10 rpm. Next, the sample was spread on a test
plate. The concentration of the ENPs in the soil was
100 mg/kg.
Phytotoxicity depending on method of ENP application
In the experiment with the effect of method of ENP applica-
tion, ENPs were applied into the OECD soil as (1) a powder,
(2) a water suspension with then soil being dried and tested
and (3) a water suspension without soil drying. Final concen-
tration of ENPs in each method corresponded to 100 mg/kg.
In method M1, the required amount of ENPs was weighed
and applied directly to the soil, then rolled end over end
(Rotax 6.8, VELP—OMC, ENVAG) for 24 h (in the dark at
room temperature) at 10 rpm. In method M2, the suspensions
of ENPs in redistilled water were sonicated for 30 min (25 °C,
250 W, 50 Hz) and then introduced into the soil. The soil was
mixed thoroughly and then dried at a constant temperature
(25 °C) until dryness. In method M3, the solution of ENPs
after 30 min of sonication (25 °C, 250 W, 50 Hz) was applied
uniformly on the surface of the soil placed in the test plate. The
concentration of the ENPs was 100 mg/kg of soil. The effect
of method of ENP application was estimated using
Phytotoxkit FTM (M3).
Determination of the phytotoxicity
For the estimation of acute phytotoxicity, three methods were
applied: the germination/elongation test (OECD 1984),
Phytotestkit FTM (MicroBioTests Inc., Belgium), Phytotoxkit
FTM (MicroBioTests Inc., Belgium) and Phytotoxkit FTM after
our modification. The tests characterise the simplicity in
using. In addition, these tests are rapid and cheap, which are
especially important in the risk assessment and monitoring of
new pollutants in environment. In the first two tests, the
phytotoxicity of aqueous solutions was evaluated, while the
other two were devoted to the toxicity of the ENPs in the soil.
As a test plant, cress (Lepidium sativum) was tested, which is
frequently used in ecotoxicological studies (Fuentes et al.
2006; Jośko and Oleszczuk 2013a; Walter et al. 2006). Two
commonly applied parameters of phytotoxicity were estimat-
ed: germination inhibition and root elongation inhibition. All
the tests were conducted in accordance with the recommen-
dations of OECD (1984) and with the methodology provided
by the producer of the tests (MicroBioTests Inc., Belgium).
Regardless of kind of bioassay, the plates of each test
were incubated for 3 days at 25 °C in darkness in
incubator (Q-CELL, POL-LAB, Warszawa, Poland).
Germination/elongation test (M1) was carried out in accor-
dance (Fig. S1, supporting information) to the OECD proce-
dure (OECD 1984). Seed germination and root elongation test
was conducted in glass Petri dishes (90×20 mm) with a thin
layer of filter paper on the bottom. Each dish contained 5 mL
of sample solution (at concentrations of ENPs mentioned
above) or 5 mL of redistilled water (control) and 15 seeds.
Phytotestkit FTM (M2) is a new tool for assessment of
effluent toxicity proposed by MicroBioTests Inc. (Gent,
Belgium). Unique flat and shallow transparent test plates
composed of two compartments (Fig. S2, supporting in-
formation) are used in this method. The lower plate con-
tains a spongy insert and a thick cellulose filter paper. In
the present experiment, 20 mL of ENP solution (at 10,
100 and 1,000 mg/L, which correspond with concentra-
tions used in OECD procedure—M1) was evenly distrib-
uted on the thick filter paper surface. Then, a thick filter
was covered with a thin filter paper. Ten seeds of L. sativum
were positioned at equal distance near the middle ridge of
test plates on a filter paper. After closing the test plates
with their transparent cover by means of the unique click
system, the test plates are placed vertically in a holder and
incubated.
Phytotoxkit FTM (M3) uses the same test plates as
Phytotestkit FTM (Fig. S3, supporting information). The lower
compartment of plate contained of tested soil instead of
spongy insert saturated to the water holding capacity (for
OECD soil is 35 mL). To soil, previously, ENPs were added
at appropriate dose to obtain concentrations: 10, 100 and
1,000 mg/kg. On the top of the hydrated soil, a thin filter
paper was placed. The next steps were the same like described
for Phytotestkit FTM method.
Modified Phytotoxkit FTM (M4) was performed in accor-
dance with test procedures of Phytotoxkit FTM method
(Fig. S4, supporting information). However, instead of putting
L. sativum seeds on the filter paper, they were placed directly
on the ENP-contaminated soil.
All bioassays according to the user’s manual were per-
formed in three replicates. At the end of the incubation period,
“digital” pictures were taken of the test plates with the germi-
nated plants. Then, the amount of germinated seeds and the
length of roots were determined using the Image Tool 3.0 for
Windows (UTHSCSA, San Antonio, USA). The percent
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inhibition of seed germination (SG) and root growth inhibition
(RI) was calculated by the formula:
SG or RI ¼ A Bð Þ=A 100;
where A is the seed germination/ root length in the control
sample and B is the seed germination/root length in the sam-
ple. Statistically significant differences between the results
were evaluated on the basis of standard deviation determina-
tions and on the analysis of variance method (Statistica 5.0;
StatSoft, Tulsa, OK, USA)
Results and discussion
In the course of the study, no effect of the studied ENPs and
their bulk counterparts on the germination of seeds was ob-
served. In certain cases, germination inhibition was at levels
<10 %, and it was not related to the presence of the ENPs. For
this reason, that parameter has been omitted in the description
and discussion of results. Similarly, El-Temsah and Joner
(2012) did not observe any effect of ENPs on the germination
of seeds and concluded that root elongation is a more sensitive
indicator.
Influence of ENP concentration on phytotoxicity depending
on the test used
The root growth inhibition of L. sativum depended on the kind
of test applied (Fig. 1). The application of methodM1 showed
a relationship between the effect observed and the concentra-
tion of nano-ZnO. However, when the method M2 was used
(Fig. 1a), the relation was not observed. In method M2, the
root elongation inhibition of L. sativum did not differ signif-
icantly between the studied concentrations of nano-ZnO. The
results obtained for methodM2were also incomparable in any
case with those obtained for method M1. The lack of correla-
tion between the concentration and the toxic effect observed
could have been related probably with the test design. In
method M1, the solution contained the ENPs was applied
directly on a layer of the filter paper, which permitted uniform
distribution of the ENPs and direct contact of the seeds with
the ENPs (Fig. S1, supporting information). Whereas, in the
case of M2, the solution with the ENPs was applied on a thick
filter with insert sponge. In this case, the ENPs might pene-
trate deep into the filter (Fig. S2, supporting information).
That limited the direct contact of seeds with the ENPs.
Moreover, the seeds were separated from the solution contain-
ing the ENPs by the filter, which could have caused accidental
contact of the seeds with the ENPs. As it is demonstrated later
in the paper, the presence of the filter may reduce the toxicity
of ENPs in the method for solid phase (Fig. 3). Only in the
case of the lowest concentration, the toxicity of nano-ZnOwas
higher after the application of method M2 than method M1.
For higher concentrations, the root growth inhibition was over
twice lower in method M2 than in M1. Depending on the
concentration of nano-ZnO, root growth inhibition varied
from 6.7 to 78.9 % in method M1, while in method M2, it
varied from 16.2 to 28.6 % (Fig. 1a).
Tendencies different from those for nano-ZnO were ob-
served for nano-TiO2. A significant correlation between the
dose and the effect was observed in method M2 (Fig. 1b),
while in method M1, no similar correlation was noted
(Fig. 1b). In addition, nano-TiO2 assayed with method M1
in concentrations of 10 and 100 mg/L displayed a stimulating
effect on root growth, which was not observed in the case of
method M2. Nano-TiO2 had a toxic effect on L. sativum,
inhibiting root growth at the levels of 4.6 and 13.9 %. At the
highest concentration, both methods clearly indicated toxicity
of nano-TiO2. As was the case with nano-ZnO, the root
growth inhibition determined with method M1 was more than
twice as high as that evaluated with method M2, which can be
attributed, as in the case of nano-ZnO, to increased contact
between the ENPs and the plant roots.
The toxicity of nano-Ni, like that of nano-ZnO, was corre-
lated with concentration only in the method M1, while ab-
sence of such a correlation was noted in method M2 where
root growth stimulation/inhibition did not exceed 25 %
(Fig. 1c). The lowest concentration (10 mg/L) of nano-Ni
was the only of the tested doses of all the ENPs in the case
Fig. 1 Influence of nano-ZnO
(a), nano-TiO2 (b) and nano-Ni
(c) concentration in water on their
phytotoxicity to Lepidium
sativum depending on test applied
(M1—germination/elongation
test, M2—Phytotestkit FTM).
Error bars represent standard
error (SE, n=3 tests)
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of which an absence of significant differences between
methods M1 and M2 was observed. In both cases, nano-Ni
stimulated the elongation of roots of L. sativum (Fig. 1c).
Increase of the concentration of nano-Ni to 100 mg/L caused
an increase of the toxicity of nano-Ni towards L. sativum.
However, the toxicity of nano-Ni assayed with method M1
(8.8 %) was threefold lower than in the case of application of
method M2 (24.5 %). As for the other ENPs under study,
toxicity assayed with method M1 was significantly higher
than with method M2 for the highest concentration of nano-
Ni (1,000 mg/kg), which could have been the result of differ-
ent “true” exposure of L. sativum to the ENPs.
The differences in the effects demonstrated with methods
M1 andM2 (especially for the highest concentration, at which
the toxicity of the ENPs determined with method M1 was
higher) may result from the fact that in the case of methodM1,
the seeds (and then the roots) had direct contact with the
ENPs, while in method M2, they were separated from the
solution with the ENPs by the filter which could limit the
contact, especially for larger aggregates. Moreover, as men-
tioned before, the solution with the ENPs could have pene-
trated into the insert sponge, thus limiting the contact with the
seeds and the roots. It is assumed that the toxic effect caused
by ENPs can, on the one hand, result from the release of ions
from ENPs (Misra et al. 2012b), but on the other, it can inhibit
water transport into the plants due to surface coating of roots
by ENPs (Canas et al. 2008; Wu et al. 2012). The results
obtained may confirm the cooperation of those causes in the
shaping of the toxicity of ENPs. This is indicated by the
effects demonstrated in method M2, where the roots of
L. sativum were separated from the ENPs by the filter. In that
case, the roots were exposed only to the ions released from the
ENPs that penetrated the barrier of the filter. Similar conclu-
sions were drawn by Van der Vliet et al. (2012) who observed
that poorly soluble contaminants cannot pass through a filter,
which may cause an overestimation of plant tolerance to them.
Although at the lower concentrations, it was method M2 that
demonstrated higher toxicity than method M1 (in certain
cases), but that could have resulted from the fact that lower
aggregation takes place at lower concentrations. This in turn
may be responsible for weaker adhesion of the ENPs to the
roots (M1) and at the same time for increased release of ions
from the ENPs (greater specific surface area and solubility)
(M2), and thus for greater toxicity.
As in the case of the aqueous solutions, also in relation to
the solid phase, varied results were observed depending on the
method applied (Fig. 2). In both of the methods applied for
solid phase (M3 and M4), a dose–effect correlation was ob-
served in the case of nano-ZnO (Fig. 2a). The lower doses of
nano-ZnO stimulated the elongation of roots of L. sativum,
while the higher doses had a toxic effect, which may indicate
hormesis effect (Calabrese and Baldwin 2003; Manzo et al.
2011). At the highest and the lowest concentrations, in method
M4, stimulation (10 mg/kg) or inhibition (1,000 mg/kg)
higher by approximately 11–17 % than in method M3 was
observed. The difference in those values may result (like in the
aqueous solutions) from the fact that in the case of method
M4, the seeds were placed directly on the soil, which allowed
better access of the ENPs to the plant roots than in method
M3, where the seeds were separated from the soil by the filter.
Also, Persoone and Wadiha (2010) observed that the elimina-
tion of the filter and placement of seeds directly on the soil
notably increased the sensitivity of the test Phytotoxkit FTM.
However, at the concentration of 100 mg/kg, a reverse ten-
dency was observed—method M3 displayed a slight toxicity
while according to method M4 nano-ZnO stimulated root
elongation. This may be a result of the fact that the ENPs,
having direct contact with the plant, can enter into reactions
with components of cell walls, forming “tunnels” (Pokhrel
and Dubey 2013) that provide passage not only for the ENPs
themselves but also for nutrients, stimulating root elongation.
That effect may appear at just the concentration of 100 mg/kg,
as the aggregation is too great (as for 1,000 mg/kg), which
ensures lesser “coating” and pore clogging by the ENPs.
Contrary to nano-ZnO, the effect of nano-TiO2 (Fig. 2b)
and nano-Ni (Fig. 2c) on the elongation of roots of L. sativum
did not display a dose–effect correlation. Irrespective of the
method applied, the stimulation/inhibition effects did not ex-
ceed the levels of 25 % (for nano-TiO2) and 35 % (for nano-
Ni). It was only at the concentration of 100 mg/kg that
differences were observed between the two methods for both
ENPs. Like for nano-ZnO, also for nano-TiO2 and nano-Ni,
methodM3 demonstrated higher toxicity compared to method
M4 at ENP concentration at the level of 100 mg/kg. As
opposed to nano-ZnO, the highest toxic effect was not ob-
served at the highest concentration of nano-TiO2 and nano-Ni.
The strongest inhibition was noted for the lowest concentra-
tion (10 mg/kg), method M3 displaying 12 % higher toxicity
for nano-TiO2 compared to method M4, while for nano-Ni—
irrespective of the method applied—the toxicity was approx-
imately 20 %. In turn, at the highest concentration, nano-TiO2
and nano-Ni stimulated root elongation, irrespective of the
method applied. In the case of nano-TiO2 (contrary to the
concentration of 10 mg/kg), no differences were noted
between the methods, while for nano-Ni, the stimulation
assayed with method M3 was higher by 12 % compared
to method M4.
The differences, or their absence, in the levels of toxicity/
stimulation between the methods indicate how much impor-
tant the kind of the ENPs and their concentration is. This is
especially observable in the case of nano-TiO2 and nano-Ni
which at the highest concentration, stimulated root growth in
soil, irrespective of the method applied (in the aqueous solu-
tion the highest toxicity was observed). Those effects are
extremely strange. Even if we assume that ions released from
the ENPs at that concentration had a stimulating effect, the
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question remains concerning the toxicity of those ENPs at the
lowest concentration, i.e. 10 mg/kg. Studies conducted so far,
especially concerning nano-TiO2, confirmed the absence of an
effect or a stimulating character of nano-TiO2 on the growth of
roots of various plants (Larue et al. 2012; Zheng et al. 2005).
Whereas, there is a lack of studies on the toxicity of nano-Ni.
Perhaps, such a distribution of toxicity of nano-TiO2 and
nano-Ni is specific for that kind of ENPs, as the effect of
nano-ZnO—irrespective of the method applied—displayed
the “typical” tendency (dose–effect). It is also worth noting
that in both methods, the ENPs were added to the soil in the
form of powder, which permitted good homogenisation of the
sample (Hund-Rinke et al. 2012). That eliminates the factor of
randomness as a cause of the absence of the dose–effect
correlation (this is also supported by the low values of stan-
dard deviation).
Effect of ENP comparing to their bulk counterparts
In the estimation of the toxicity of ENPs, it is of particular
importance to determine whether that new group of com-
pounds behaves differently to their already-known bulk coun-
terparts. This is especially important in the context of the
various research methods applied. Numerous studies on the
toxicity of ENPs show that those compounds are characterised
by greater toxicity than their bulk counterparts (Stampoulis
et al. 2009; Musante and White 2010; Dimpka et al. 2012).
This study includes a comparison of the effect of the particular
methods on the differences in toxicity between the nanoparti-
cles and the bulk counterparts.
The aqueous solutions of the ENPs and their bulk counter-
parts did not differ in the effects within the samemethod in the
case of ZnO (M1 and M2), TiO2 (M2) and nano-Ni (M1)
(Fig. 3). A study by El-Temsah and Joner (2012) on the
phytotoxicity of ENPs also demonstrated the absence of the
effect of size, but that could have resulted from the selection of
the parameter under estimation (germination inhibition) which
turns out to be a little sensitive to the effect of ENPs. Methods
M1 and M2 did not reveal differences between nano-ZnO and
bulk-ZnO, but the inhibition assayed with method M1 was
threefold higher compared toM2 (Fig. 3a). The absence of the
effect of size of the ENPs could have been due to similar
exposure of L. sativum on ions released from the ENPs. As
shown in a study by Misra et al. (2012a), the amount of ions
released both from ENPs and from their bulk counterparts was
similar, which can explain the similar phytotoxicity of nano
and bulk particles. Whereas, for TiO2 and Ni, the differences
(or their absence) between the nano and bulk forms were
related to the method applied (Fig. 3b, c). In method M1, both
forms of TiO2 stimulated root growth, the stimulation by
nano-TiO2 being twice as high as that caused by bulk-TiO2.
Schmidt and Vogelsberger (2006) observed an increase in the
solubility of nano-TiO2 with decrease in the size of the parti-
cles, due to which the released ions could exert a stimulating
effect on plants (Song et al. 2013). Whereas, the effects
assayed with method M2, though toxic, did not differ signif-
icantly between the forms of TiO2 (the toxic effects were low,
<20 %). In turn, for Ni, the determination of toxicity with
method M2 alone revealed an effect of size. According to
method M1, root growth inhibition by nano-Ni was threefold
lower compared to method M2, while for bulk-Ni, no differ-
ences were observed between the two methods. This is par-
ticularly strange, as it was in method M1 that the plants had
direct contact with Ni. Therefore, it should be expected that
the toxicity of nano- and bulk-Ni should be higher than that
assayed with methodM2, as apart from ions released from the
ENPs, the particles adhering to the roots could also be respon-
sible for the toxicity.
The effect of the size of particles on their toxicity in the soil
was more varied than in the aqueous solutions (Fig. 4). Only
the application of method M3 did not indicate significant
differences between the nano and bulk forms for TiO2 and
ZnO. Method M3 showed low toxicity (<10 %) of both forms
of ZnO (Fig. 4a). However, in the soil, even released ions of
Zn2+ (to which the seeds are exposed only in this case) may
not pose a threat to the plants. The ions can be bound by soil
components, due to which they are not available for plants,
which may support the low level of toxicity of ZnO (Dimpka
et al. 2012). On the other hand, notable differences between
the nano and bulk forms of ZnO were found in method M4.
Nano-ZnO stimulated root elongation of L. sativum (9.8 %),
while bulk-ZnO caused a 20 % toxic effect (Fig. 4). Direct
Fig. 2 Influence of nano-ZnO
(a), nano-TiO2 (b) and nano-Ni
(c) concentration in soil on their
phytotoxicity to Lepidium
sativum depending on test applied
(M3—Phytotoxkit FTM, M4—
modified Phytotoxkit FTM). Error
bars represent standard error
(SE, n=3 tests)
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contact of ZnO with the seeds and roots ensured similar
exposure to ions Zn2+ as in method M3. Perhaps the cause
of the differences in toxicity between nano-ZnO and bulk-
ZnO lies in what happens to the ENPs in the soil and in the
behaviour of ZnO on root surface of L. sativum. In the case of
TiO2, irrespective of particle size, method M3 showed a slight
effect on root elongation (it did not exceed 5 %) (Fig. 4b).
Whereas, in method M4, considerable differences in toxicity
were found between TiO2 forms with different particle size.
As in the case of nano-ZnO, the addition of nano-TiO2 to the
soil strongly stimulated root elongation of L. sativum
(23.9 %), while the bulk counterparts caused its inhibition
(29.5 %). In the case of Ni, both methods revealed strongly
varied effects caused by nano-Ni and bulk-Ni (Fig. 4c). In
method M3, much greater toxicity was observed for nano-Ni
(33.6 %) than for bulk-Ni (which stimulated root elongation).
Whereas, in method M4, no effect of nano-Ni on root elonga-
tion was observed, while bulk-Ni caused stimulation at the
level of 31.4 %. As opposed to both forms of ZnO and TiO2,
nano- and bulk-Ni displayed an effect of size: the toxic effect
of nano-Ni was greater than that of bulk-Ni.
Phytotoxicity of ENPs in water solution and soil
With relation to the kind of phase tested (aqueous solution
(M2) or solid phase (M3), the effect of ZnO, TiO2 and Ni on
the plants was varied (Fig. 5). In the aqueous solution (M2),
both forms of ZnO stimulated the growth of L. sativum, the
stimulation in the presence of nano-ZnO (28.8 %) being
several-fold higher than in the case of bulk-ZnO (7.3 %). In
the soil samples (M3), on the other hand, an inhibition of root
elongation was observed, characterised by a relatively low
level (<8 %) (Fig. 5a). An opposite tendency was observed
for TiO2. Inhibition of root elongation of L. sativum was over
twice as high for the aqueous solution as for the soil, but the
level of toxicity did not exceed 15 % (Fig. 5b). Depending on
the matrix tested, root elongation of L. sativum in the case of
Ni was related to its form (Fig. 5c). Higher toxicity was
observed in case of the soil fraction (M3) compared to the
aqueous solution (M2) for nano-Ni, while for bulk-Ni, a
reverse tendency was observed.
It is commonly known that the toxicity of many contami-
nants is determined to a significant extent by their interactions
with the particular components of the environment. In soil
characterised by a greater diversity of various components, the
number and kind of probable interactions will be greater than
in an aqueous solution. The toxicity of contaminants, includ-
ing ENPs, depends to a significant degree on their bioavail-
ability (Dimpka et al. 2012; El-Temsah and Joner 2012). Soil
has a greater ability to reduce the bioavailability of ENPs than
aqueous environments (Pan and Xing 2010). The sorption
complex of soils (natural organic matter, clays) can
immobilise ENPs, which reduces their availability for plants,
and thus also their toxicity (Pan and Xing 2010; Tourinho
Fig. 3 Influence of size (nano or
bulk) of ZnO (a), TiO2 (b) and Ni
(c) on their phytotoxicity to
Lepidium sativum depending on
test applied (M1 and M2). NPs
concentration—100 mg/L. Error
bars represent standard error
(SE, n=3 tests)
Fig. 4 Influence of size (nano or
bulk) of ZnO (a), TiO2 (b) and Ni
(c) on their phytotoxicity to
Lepidium sativum depending on
test applied (M3 and M4). NPs
concentration—100 mg/kg. Error
bars represent standard error
(SE, n=3 tests)
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et al. 2012). Therefore, it should be expected that the toxicity
of ENPs in soil will be lower than in water, due to the
limitations resulting from reduced bioavailability. Such regu-
larity was observed for both forms of TiO2 and bulk-Ni. It
should be kept in mind, however, that the values did not
exceed the level of 13 %, which makes it difficult to formulate
definitive conclusions. Whereas, in this study, lower toxicity
of both forms of ZnO and nano-Ni was noted in the aqueous
solutions than in the soil. Perhaps, this is related with the test
design. In method M2, the nano and bulk particles were
applied on the filter, while in method M3, directly to the soil.
Soil can contain components that cause an increase in the
solubility of ENPs (Lv et al. 2012; Misra et al. 2012b), thanks
to which ions could penetrate through the filter. No increase in
the solubility of the ENPs was observed in method M3 due to
the absence of those components in the spongy insert, which
could have caused the differences observed.
Influence of ENP application on their phytotoxicity
The method of application of nanoparticles to the soil had a
significant effect on the level of toxicity observed in the case
of all nanoparticles tested (Fig. 6). The addition of nano-ZnO
to soil with methods M1 (ENPs added to soil as powder) and
M3 (ENPs added to soil as water suspension without soil
drying) displayed similar phytotoxicity at levels of 8 and
13 %, respectively. Application of nano-ZnO with method
M2 (water-dryer), on the other hand, had a positive effect on
the growth of roots of L. sativum, stimulating their growth. A
similar tendency was observed in the case of nano-Ni which
displayed only a slightly higher toxicity after application with
method M1 (34 %) as compared to nano-Ni applied with
method M3 (21 %) (Fig. 6). Application of nano-Ni with
method M2 produced no effect on root growth and even
slightly stimulated root length as it was observed for nano-
ZnO. A different situation, compared to nano-ZnO and nano-
Ni, was found in the case of nano-TiO2. Application of the
ENPs with methods M1 and M2 resulted in toxicity at levels
of 5 and 13 %, respectively, while nano-TiO2 applied with
method M3 had no effect on root growth of L. sativum.
Studies on the toxicity of nanomaterials are not free of many
ambiguities concerning also the methodological aspects (Von
der Kammer et al. 2012; Waalewijn-Kool et al. 2012). Highly
important in this respect is the method of application of ENPs
that may determine their toxicity. As demonstrated by the
results of the study, depending on the method of application,
considerable differences were obtained, attaining as much as
35%. Studies by Lyon et al. (2006) showed that the method of
application had an effect on the antibacterial properties of
fullerenes (C60). The application of C60 in the form of powder
had no toxic effect on Bacillus subtilis, while applied in water
solutions (prepared in various ways), it displayed toxicity
towards bacteria expressed in minimal inhibitory concentra-
tions (MIC) at the level of 0.08–0.75 mg/L. Whereas,
Waalewijn-Kool et al. (2012) did not observe any significant
effect of the method of application of ZnO ENPs on the
reproduction of Folsomia candida. ENPs are susceptible to
aggregation, due to which samples have to be subjected to
treatments causing the dispersion of particles so as to enable
the verification of toxicity of ENPs and not of their aggregates
(Lyon et al. 2006; Von der Kammer et al. 2012). Still, there is a
lack of literature data that would permit a clear statement as to
Fig. 5 Comparison of the
phytotoxicity of ZnO (a), TiO2
(b) and Ni (c) in water
(Phytotestkit FTM—M2) and
in soil (Phytotoxkit FTM). Error
bars represent standard error
(SE, n=3 tests)
Fig. 6 Influence of method of NP application to the soil on their phyto-
toxicity to L. sativum. Error bars represent standard error (SE, n=3 tests)
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the form in which ENPs migrate to or occur in the soil. The
method of application of ENPs is also important for another
reason, as it demonstrate how the form in which ENPs arrive
in soil determines their subsequent behavior and activity to-
wards plants.
Conclusions
Depending on the method applied, the level of toxicity of the
ENPs was strongly varied. The differences in the effects
caused by the presence of the ENPs, assayed with different
methods, concerned each of the variables under estimation:
the kind of ENPs, concentration and the matrix. Comparison
of the effects revealed by the particular methods is problem-
atic due to the lack of the dose–effect correlation (especially in
the case of nano-TiO2, nano-Ni). Also, the use of various
techniques of application of the ENPs to the soil diversified
the effects caused by the ENPs. The study indicates some-
times extremely different effects of the ENPs on the plants in
relation to the method applied. This may lead to erroneous
estimations, either underestimating or overestimating the po-
tential threat related with ENPs. The differences in the levels
of the effects assayed with the use of different methods con-
firm the necessity of their validation. This is particularly
important in the context of the increasing number of studies
on the toxic potential of ENPs. The development of universal
ecotoxicological methods for the estimation of toxicity of
ENPs would permit the comparison of research results obtain-
ed by various research teams. In a more distant perspective,
when ENPs become a more common contaminant in the
environment, studies on NP based on uniform methods will
contribute to the assessment of the scale of the problem in
various regions of the world and to the development of legis-
lative regulations.
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